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Aquaculture
• 20 m diameter
• 15-20 m water 
depths
• Farms grids of 
5x4 cages
• 90-100’s m long 
lines
• 45-50 cages per line





















𝐹 = 𝜌𝐶%𝑉?̇? +
1
2𝜌𝐶,𝐴𝑢 𝑢
e.g. estimate mooring load
Inertial Drag
Compute horizontal drag forces.




Gravity anchor. Drag embedment anchor.
Current anchoring types











• Increased efficiency (capacity/weight ratio).
• Increased capacity with deeper installation and more helix 
plates.





















































To investigate helical anchors under inclined loads.
Develop a simplified methodology to predict the inclined “capacity.”
Sub-objectives
• Investigate the interaction between the plate and shaft under 
inclined loading scenarios.























HA1 HA2 HA3 HA4 HA5 HA6 HA8
HA7
HA9 to HA12







Plate diameters, 𝐷 = 0.254 𝑚
Shaft diameter, 𝑑 = 0.038 𝑚
Verification of proposed relationship








































































Interaction near optimum angles








F𝑃G = 1 − Φ(𝛽J
Reliability Index:
𝑔 = 𝑅 − 𝑃
Hasofer-Lind method
𝛽J = minP∈R 𝑥 − 𝑚
T𝐶UV 𝑥 − 𝑚
Uncertainties
𝑔(𝑋) = 𝑅 𝑒. 𝑔. 𝑥V, 𝑥Y, … , 𝑥[ − 𝑃 𝑒. 𝑔. 𝑥V, 𝑥Y, … , 𝑥\ = 0
Capacity Demand
Capacity, 𝑹
• Undrained shear strength, 𝑆_.
• Undrained stiffness modulus, 𝐸
• Effective unit weight, 𝛾b
• Preconsolidation pressure, 𝜎db
• Anchor yielding stress, fy.
• Change in section properties of the anchor 
(e.g. corrosion).
• Morphologic changes and bathymetry (e.g. 
seabed erosion), 𝛽
Demand, P
• Wind velocity, direction and frequency
• Current velocity, patterns, and distributions 
(e.g, mixing)
• Wave height, period, frequency and 
direction.
• Temporal tidal fluctuations.
• Aquaculture species (e.g., seaweed, 
shellfish, finfish).
• Aquaculture farming systems (e.g., cages, 
longlines, rafts)
• Net biofouling.
• Attack angle, 𝛽
Inclined loading reliability framework
Optimization problem with nonlinear constrains
Damariscotta River oyster aquaculture farm
The farm:
The site:
Aquaculture oyster farm schematic representation (after 
Nguyen et al. 2019)
Aquaculture oyster farm seabed geologic 
subsurface profile (after Chandler 2017).
The loads:
Relationships between 
tidal variation and 























Mooring Line length (m)
Estimated mooring loads vs. length of 






















Attack angle, β (º)
Estimated mooring loads vs. attack 
angle (after Nguyen et al. 2019)
Random variable Mean COV
P (kN) 3 0.2
Su (kPa) 25 0.2 Mean recommended value
3𝜎 rule from Nguyen et al. data
Damariscotta River oyster aquaculture farm

























































































Attack angle, β (º)





























































Critical ellipse, COV Su=0.3
Ellipse COV_P=0.3
Critical ellipse, COV P=0.3
Unsafe Region
Considerations
No experimental determination of inclined capacity of helical anchors in 
combination with soil data. We need your help and experience.
Potential scour that will decrease embedment—and reaction against the shaft.
Cyclic degradation of soil shear strength? à limited lab scale tests may 
indicate otherwise.
Increasing capacity with multiple anchors for a single line à plate/anchor 
interaction leading to decreased “efficiency.”
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Thank you
Questions?
